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Prepared by:
John M, Stallard

ABSTRACT: Specific volume, isothermal compressibility, and
thermal expansion of Baker db-grade castor oil have been
computed from an empirical equation fitted to data obtained
by the differential transformer densitometer technique. Data
is presented over a temperature range of 0-40°C and a pressure
range of 1-1000 bars.
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This report provides high precision data on some thermo-
dynamic properties of a fluid which is widely used in filling
Navy transducers, namely Baker db-grade castor oil. The
measurements were requested by the Underwater Sound Reference
Laboratory, Orlando, Florida and funded under Castor Oil
Characteristics, Task No. NOL-855/USRL. The report will be
of interest to anyone concerned with the use of pressure
transmitting fluids in underwater sound transducers.

J. A. DARE
Captain, USN
Commander
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INTRODUCTION

Castor oil is used as a coupling liquid between transducers
and the sea in various acoustic devices, Some specific volums
data as a function of temperature at atmospheric ressure (1) (2)
and some data as a function of pressure at 40°c (2} are available,
but a more complete reference for specific volume as a function
of both temperature and pressure is not available. The wide
use of castor oil in acoustic devices indicates that a more
thorough knowledge of the thermodynamic properties of this
liquid will be of value, When coupled with sound velocity data,
this data can be used to determine acoustic impedance of castor
oil as a function of temperature and pressure,.

EQUIPMENT

The differential transformer densitometer used for specific
volume measurements is described in detail in reference (3).
However, since that report was written the calibration equation
has been changed from a parabolic ir temperature, T, to a cubic
in T, The new calibration equation is discussed in the Theory
section of this report.

The instrumentation required for monitoring and controlling
the physical environmen »f the densitometer is described in
reference (4). Since tiu.c report the pressure measuring
instrumentation has been improved. A pressure sensitive manganin
cell constitutes one arm of a Mueller resistance bridge. The
output of the bridge is amplified by a photo-electric galva-
nometer and then monitored by a spotlight galvanometer. This
equipment provides measurement of pressure to 1/4 of 1 psi over
the pressure range of 14.7 to 15000 psia,

PROCEDURE

The bath surrounding the differential transformer
densitometer was brought to the desired temperature and allowed
to remain overnight. The system was then pumped to the desired
pressure and allowed to stand for thirty minutes so that the
densitometer and contents could return to bath temperature,

The data for that particular temperature and pressure was then
recorded. 1In this manner, measurements at a particular
temperature were taken over the pressure range 14.7 - 14000
psia in 1000 psia increments. The procedure was repeated at
50C intervals from 0 to 40°C.
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THEORY

Tlhe differential transformer densitometer has been
calibrated to relate specific volume to a length measurement.
The secondary of the transformer is wound on a shaft which is
spring loaded against a bellows that contains the test liquid.
As pressure and(or) temperature change(s), the liquid in the
bellows expands or contracts, causing the secondary to move
relative to the primary, and a change in output from the
transformer occurs. An exact replica of the differential
transformer is contained in a separate housing and its secondary
is mcved by means of a micrometer screw. The outputs of the
transformers feed opposite arms of a diode bridge. Thus a
movement of the bellows can be measured quite precisely by
adjusting the micrometer screw for a null in the bridge detector.

Specific volume data for dis _.lle; water(s)(G)(7)(8)(9)
was used in the calibration of the densitometer, The relation
between the specific volume of distilled water and the length
measurement determined by the position of the bellows was
represented by

v = £(T,p) + B,L (1)

where v is the specific volume of distilled water in cm3/g,
f(T,P) is a function of temperature and pressure, B, is a
constant and L. is the micrometer reading in inches.” A series of
measurements were made using distilled water in the densitometer,
and vaju~s for L were recorded for temperatures and pressures
within tne specified range. The method of least squares was
used to fit the observed data to equation (1). The best fit

was found tor

_ 2 3
f(T,P) -B0+82T+B3T +B4T +BSP (2)

where T is the temperature in OC, P is the pressure in bars,
and B, 82' B3, 84 and 85 are constants. Combinirg equations
(1) and “(2);

2 3

v =BO+BlL+82T+B3T +B4T +BSP . (L")

Values for the Bn's are given in Table I.
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The total volume of the densitometer was then determined
by the equation

V = Bé+BiL+BéT+BiT2+BiT3+BéP (3)

whgr B! = , V is the total volume of the densitometer in
cm3 and™ is tﬂe mass in grams of distilled water in the
densitometer. The volume of the densitometer is thus known as
a function of temperature, pressure, and micrometer reading.

Measurements were then taken for castor oil over the
specified tempe-ature and pressure range. The values for
specific volume of castor oil were calculated using the equation

v
Veo ° M (4)
coO

where Veo is the specific volume of castor oil and M = is the
mass of “the castor oil contained in the densitometefS
Rearranging terms,

= L (pi+By 2 3
Voo = M (BS+BJL+B3T+BiT +B T +BLP)

M 2 3
Mco(Bo+BlL+BzT+B3T +B4T +BSP)

- 2 3 1
= RGb+BlL+BzT+B3T +B4T +B5P) (4')

where R is the ratio M_ .
Mco

Obtaining R by direct methods proved unsatisfactory, due
to the relatively large mass of the densitometer (~ 500 g).
A heavier, less precise balance had to be used, so that the
difference between the full and empty weighings, i.e.,, the
mass of the 1iquid in the densitometer, was not known to the
desired precision, It wes decided to obtain R by the pycnometer
method. The specific volume of castor oil was determined by
this meth:4(10) and found to be
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Veo = 1.04845 + 0.00003 cm3/g

at 29,12°C and one atmosphere pressure, The micrometer reading
from the densitometer measurements at this temperature and
pressure was put into equation (4') along with the above value
of Veo! and R was determined to be

R = 1.,04036 .

For the purpose of obtaining values of the specific volume
of castor oil at even temperatures and pressures, and to smooth
the data, the observed values were fitted to the equation

2 3 2 3
v = A1+A2T+A3T +A4T +A5P+A6PT+A7PT +A8PT

2 2 3 3 .
+A9P +A10PZT+A11P2T +A12P +A13P by (5)

by the method of least squares, where the An's are constants,
Table 11 contains values for the An's.

The thermal expansion is given by

l /9
2=y (50, (6)

and the isothermal compressibility is given by

= .13y
K'r"v<ap,r' ot

Thus thermal expansion and isothermal compressiblity were
obtained by differentiating equation (5).

DISCUSSION

The castor oil] used in this experiment, Baker's db oil, is

manufactured b¥1§?e Baker Castor Oil Company, Bayonne, New Jersey,.

Their brochure lists the chemical composition as being
"approximately 85% Triglyceride of Ricinoleic Acid". The
International Critical Tables(2) 1ists data on a castor oil
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consisting "largely (of) glycerides of ricinoleic and
isoricinoleic acids, with small amount saturated acids". Del
Grosso(l) 1lists data for "Baker castor oii" whose properties

are close to those in the brochure mentioned above. The present
data will be compared to these two references, It is to be
emphasized however that such terms as "85%" and "largely" do

not specify the composition of the castor oil to a close erough
degree to expect agreement to within the precision of the
measurements taken,

Specific volume, thermal expansion &and isothermal compress-
ibility data are given in Tables III, IV and V respectively,
Specific volume vs ‘emperature and specific volume vs pressure
are given in Fiqures 1 and 2 respectively.

Comparisons with other data are given in Tables VI and
Vil. Table VI compares the din?itometer data with that of
Hibl from the Critical Tables'?) and Del Grossof(l) at atmospheric
pressure. Table VII ?STpares the densitommeter data with that
of Kahlbaum and R8ber as a function of pressure at 40°C.

As can be seen in Table VI, the densitometer data agrees
quite closely with Critical Tables data, differing on the
average by 3 parts in 10,000, Del Grosso's data is, cn the
average, some 7 parts in 1000 higher over the range.

In Table VII, coniparison with Critical Tables data shows
a nearly constant difference of 6 parts in 1000 for data over
the pressure range. A comparison of the value from the Critical
Tabples at 40°C, 1 atm, given in Table VI to that in Table VII
shows the two values differing by 5 parts in 1000. These
values from the Critical Tables are from reports by different
experimenters, supposedly on the same type of castor oil and
serve to illustrate the scatter in available specific volume
data,

The accuracy of the densi t used is, of course,
limited ultimately by the data?mJﬁﬁgm) used to calibrate

the instrument. Even sSo, it is difficult to estimate the
accuracy of the densitometer castor oil data due to the fact

that there is a considerable spread in values from the literature
and the belief that the present data and earlier data could

very well be from different types of castor oil.
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The ability of the instrumentation to measure temperature,
pressure and bellows position warrants a claim of precision
of 1 part in 10,000, One should be careful, however, in
applying precision data to a given castor oil, due to the
differences among types.
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TABLE 1

COEFFICIENTS FOR EQUATION (1')

Coefficient vValue
By 0.782948
B, 0.43132
B, 3.30459 x
By -7.54645 x
B, 4.1012]1 x
B5 -3.133 x 10"

10~
107

10~
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TABLE IX

COEFFICIENTS FOR EQUATION (5) FITTED

Coefficient

A

b
N

> ¥ ¥ ¥y P ¥ ¥ yr ¥y ¥y >
el oL = TR . ST S
N - O

-
w

TO SPECIFIC VOLUMk DATA

Value

+1.02714
+7.03806
+9.65911
+3.04471
-4.90916
-2.63300
-4,04224
-B.77192
+1.47088
+9.18117
+3.59139
-3.63370

-1.65674

-8



NOLTR 66-68

60T0° T | SPTIO°T | €8TO T | €Z20°T| #920°1 | 80€0°1}| sseo°1!| vO¥O°T 9G%0° 1] TISO°T | 0LSO"T 163 4
1800°T | 9TTO"T ; €STO°T| Z6T0"T| €€Z0O°T1 | 9LZ0°T | 1z€0 1| 69€0° 1| 61%0° 1| €L¥0°1 | 0€s0° T GE
€S00°1 | 880C"1 | #Z10° 1| Z9T0 1| 20ZO"1 | €¥Z0°T | ¢t8Z0 1| #€c0°1| ¥8€0° T 9¢e¥0°T1 | T6%0° 1 0t
SZOO°T | 6G0C"T [ G600°T | ZETO T| TLIO"T | 2120 T | 6SZ0°1 | 00£0°1| 8¥c0° 1 66€0°T €SP0 [ S¢
8666°0 | Tf00°T | 9900° T | ZOTO"T| GYTO T | OBTO T | 2ZZ0°1 | 9920°1| €1c0° 1| €9£0°1 91v0° 1 )4
0L66°0 | €000°T | BEOO T | €L00°T| OTTO°T | 6%T0°T1 | 0610° 1| €€20°1| 6L20° 1| 8Zz€0" 1 6LE0° T ST 7 _
PY66°0 | 9L66°0 | 6000°T | ¥¥00°T| G800°T | 8IT0O"T | 85101 | 00201 | s¥z20°1| z62Z0° 1 Zve0° 1 01
L166°0 | 6¥66°0 | T866°0 | STOO T ! 1S00°T | 8800°T1 | LZTO 1 | 8910°1]|Z1Z0°1 | 8520°1 |90£0° T S
rwmmm.o Z%66°0 | $566°0 | LB66°0 | ZZOO"T | BSO00 T | 9600°T | 910" 1 | 6LTO°T | 220" T |1LZ0"T 0 _
0001 006 oos8 ooL 009 00s 010} 4 01013 00z 001 T (Og5) L
(saedg) d

TIO YOLSYD IAWVHO-4dd dyIIvd -

ITII 3TEvl

TINNTOA DIJIDIAAS



NOLTR 66-68

y-0T X .0, :uoysuedxg TewIsayl jo s3tun
96°S | 69°S | €8°S | 66°S | L1°9 | S€°9 | 96°9 | LL°9 | 16°L | 9z°L | zs°L
¢€S°G | L9°G | 18°S [ 96°S | €1°9 | 0€°9 | 05°9 | 1L°9 | €6°9 | ¢1°L | ¢v°¢L
€S°S | S9°G | 8L°S | 26°S [ B0°9 | SZ°9 | v¥°9 | ¥9°9 | 98°9 | 60°L | vE°L
06°S | 19°G | #L°S | 88°S | €0°9 | 0Z°9 | 8€*9 | 85°9 | 8L°9 | 10°L | sz°¢L
9¥°S | LS°S | OL°S | €8°G | 86°S | S1°9 | z€*9 | 1s°2 | 1.°9 | €6°9 | 91°¢L
I¥°S | TGS | 69°S | B8L°S | €6°G | 60°9 | 92°9 | ¥%¥°9 | $9°9 | s8°9 | 80°L
SE°S | LP°S | 6S°S | EL°S | LB°S | €0°9 {61°9 | 8€°9 | LS°9 | 8L°9 | 00°L
Q€S 1 OP°G 1 €579 [ 99°G | I18°S | 96°G | £1°9 | 1€°9 | 06°9 | 1.°9 | z6°9
TZ°G+ 1 EE"G+| 9V G+ 1 09°G | ¥/ G+ | 06°G+ | 90°9+ | ¥Z°9+| €p°9+| $9°9+| 58°9+
0001 006 008 00L 009 006 00¥ 00€ 00Z 001 1
(sxeg) d

TIO ¥OLSVD IAVHO-6a ¥MIVE — NOISNVAXIT TWWNIHL

Al FITHVL

oy
St
013
S¢c
oz
St
0T
5

0]

Auova

10



NOLTR 66-68

wloH X almumm :A3T11qTrsseadwo)y 3o s3tun
9°9 ﬂa.mm L 6t 9°1¢ 8°¢td 1°9% L°8% 1 AN S 1 A 4 m.nmi@
8° bt £°LE 6°8¢ L 0¥ B°Z¥V 1°sd S°LY 2°0¢ 1°¢€¢ 2°9s |
4 43 > " 9¢ 1°8¢ 6°6¢ 6°1v 1°vd S°9%¢ 1°6% 6°1s 6°vS
L EE L’ 6°G¢ b°LE 1°6¢ 0° 1% 1°¢ed S°GP 0°8v L°0G 9°¢s
1°¢e 1° b £°G¢E L79¢ £°8¢ Z°0% A A S°vdy 6°9% 9°6¥ L AR A
3°2¢ c {97 bt 0°9¢ STLE £€°6¢ 130 § 4 Sty 6°G¥ S'8¥ Z°1s
o° _o.vm £°G¢E 8°9¢ S°8¢t 1 AN S°ZYy 6°vd P LY 0°0s
S°1¢g 1A ‘m.mm 9° vt 0°9¢ L°LE 9°6¢t 9° 1% 6°td £°9¢ 6°8%
6°0L - (L TE+ Mn.mm+ 6°€E+ | €E°GE+ | 6°9€E+ | L°8E+| L°OV+ | 6°CZV+| Z2°GYv+| 8 LV +
0001 006 008 0oL 009 00S 010} 4 cot 00¢ 001 1
(sxeqg) d

TIO WOLSYD FAWYO—49d ¥dMIVE — ALITIEISSTIHIWOD

A 3199l

A Y

ct
13

ot

>

A g

014
ST
o1
S

0

(05) L

11



NOLTR 66-68

900°0-
LOO 0~
800°0-
600 °C-
800 °0-
800°0-
800°0-
S00°0-
m\mEUvoo.oa

Co

(1)
(2)

t
c

>IH>

>IH>

0SS019 Tag wol3 aumioa or3toadg

salqel 1eS2T3ITID WOl aumioa of13toadg

pPoOy3iaul I333wo3Tsuap Aq aumioa Of3Ftoadg

$000°
€£000°
Z000*
£€000°
£€000°
£000°
€000°
m\mEUvooo.

THAFHASOWLY dENO LV V.IVAd d3HLO HLIM NOSI¥V4ANOO

€90°1
090° 1
LSO° T
¥SO0° 1
0s0° 1
9%0° 1
Zvo° 1
9¢0° 1

m\msuﬁmo.a

€A

IA TTdVYL

9950°1
Lzs0"1
68%0° 1
0sSv0° 1
€TI0 1
9LE0"°T
6€€0° T

m\meuNomo.H

Ca

- N M ~ N
> » > 9 qQ

0LSO°T
0€G0° 1
6%¥0° 1
ESPO° T
91v0° 1
6LE0"T
Zhe0° 1
Q00”1

m\msqumo.H

Ta

oy
St
ot
T4
oz

ST
0T

12



NOLTR 66-68

TABLE VII

COMPARISON WITH CRITICAL TABLES AT 40 C

£ i Y2 &
1 Bar 1.0570cm3/g 1.0621cm3/g -0.0051cm3/g

100 1.0511 1.0569 -0.0058
200 1.0456 1.0517 -0.0061
300 1.0404 1.0466 -0.0062
400 1.0355 1.0420 -0.0065
500 1,0308 1.0374 -0.0066
600 1.0264 1.0332 -0.0068
700 1.0223 1.0289 -0.0066
800 1.0183 1.0248 -0.0065
900 1.0145 1.0207 -0.0062
1000 1,0109 1.0171 -0.0062

v, = Specific volume by densitometer method
vV, = Specific volume from Critical Tables(z)
Qs

13
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